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a b s t r a c t
Arthropod-borne viruses signiﬁcantly impact human health. They span multiple families, all of which
include viruses not known to cause disease. Characterizing these representatives could provide insights
into the origins of their disease-causing counterparts. Field-caught Aedes aegypti mosquitoes from
Nakhon Nayok, Thailand, underwent metagenomic shotgun sequencing to reveal a Bunyavirus closely
related to Phasi Charoen (PhaV) virus, isolated in 2009 from Ae. aegypti near Bangkok. Phylogenetic
analysis of this virus suggests it is basal to the Phlebovirus genus thus making it ideally positioned
phylogenetically for understanding the evolution of these clinically important viruses. Genomic analysis
ﬁnds that a gene necessary for virulence in vertebrates, but not essential for viral replication in
arthropods, is missing. The sequencing of this phylogenetically-notable and genomically-unique
Phlebovirus from wild mosquitoes exempliﬁes the utility and efﬁcacy of metagenomic shotgun
sequencing for virus characterization in arthropod vectors of human diseases.
& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Introduction
Arboviruses (arthropod-borne viruses), which have exhibited a
dramatic global resurgence or emergence (Gubler, 2002),
represent a signiﬁcant global health challenge (Labeaud et al.,
2011). These include Phleboviruses, in the family Bunyaviridae,
whose notable members include the mosquito-vectored Rift Valley
fever virus, the sandﬂy-vectored Toscana virus, and the tick-
vectored Uukuniemi virus (King et al., 2012). To our knowledge,
all known Phleboviruses are zoonotic and thus presumed to cycle
between arthropod and vertebrate hosts, such as humans, domes-
tic livestock, and/or wild animals. Consequently, our understand-
ing of Phlebovirus evolution and genomics comes exclusively from
strains that have stages in both arthropod and vertebrate hosts.
Yet, identifying and characterizing viruses that do not have a
known vertebrate host could yield insights into the evolutionary
history of this clinically important group and can be used to
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identify the genetic basis of infectivity and virulence in verte-
brates. Furthermore, as viruses have extraordinary evolutionary
potential, which can lead to the emergence of human diseases, the
discovery and surveillance of presently harmless strains could help
prevent future outbreaks (Childs et al., 2007).
Virus discovery has been greatly facilitated by molecular tools.
Historically based on isolation and propagation in cell culture
(Leland and Ginocchio, 2007), now genetic information can be
used to develop speciﬁc probe-based surveillance tools (van den
Hurk et al., 2012). Recent technological advances, particularly in
high-throughput genetic sequencing techniques, have a vast
potential to revolutionize environmental and clinical virology
(Mokili et al., 2012; Junglen and Drosten, 2013). By combining
metagenomic shotgun sequencing (Handelsman et al., 1998;
Venter et al., 2004), and advanced computational assembly and
search techniques (Ruby et al., 2013),(Skewes-Cox, http://derisilab.
ucsf.edu/software/vFam/), the discovery of novel viruses is increas-
ingly possible. One recent example includes the detection of both
known and novel viruses in patients with undiagnosed tropical
febrile illness (Yozwiak et al., 2012). Viral metagenomics can
likewise inform wildlife and veterinary medicine as evidenced by
the discovery of an Arenavirus responsible for inclusion body
disease in snakes (Stenglein et al., 2012).
The use of metagenomics for viral discovery and surveillance
has been explored for mosquito vectors of human diseases. 454
sequencing can detect dengue virus in experimentally inoculated
Aedes aegypti pools, even when only one in ﬁve individuals is
infected (Bishop-Lilly et al., 2010). Similarly, dengue, yellow fever,
and chikungunya viruses are detectable in Aedes mosquitoes using
the Personal Genome Machine (Hall-Mendelin et al., 2013). Using a
ﬁltering technique that enriches for viral particles before 454
sequencing, DNA viruses have been identiﬁed in wild mosquitoes
(including Culex erythrothorax) from southern California, USA, with
sequence similarities to known vertebrate, insect, and plant
viruses (Ng et al., 2011). The Illumina sequencing platform (which
typically generates more, but shorter, reads than 454 technology)
has also been used to identify viruses in three species of wild
mosquitoes collected in South China (Ma et al., 2011). Mapping
these reads to the sequenced Anopheles gambiae densonucleosis
virus ﬁnds that 79% of this virus was recovered (Ma et al., 2011).
Here we use RNA metagenomic shotgun sequencing to generate
the nearly complete genome of a Phlebovirus infecting wild-caught
Ae. aegypti in Thailand. Of the tripartite genome, only a short region
of the large, or L, polymerase-encoding segment has been pre-
viously characterized (Yamao et al., 2009). We use de novo assembly
and hidden Markov model (HMM) searches to ﬁnd the medium
(M) and small (S) segments, encoding the glycoproteins and
nucleocapsid genes respectively, thus signiﬁcantly expanding our
understanding of this virus's evolutionary history. Phylogenetic
analysis of this virus suggests it is basal to the Phlebovirus genus.
Notably, a gene necessary for virulence in vertebrates, but not
essential for viral replication, was missing and it’s absence might be
associated with an arthropod-only lifecycle. Together, our results
exemplify the utility of metagenomic shotgun sequencing for
identifying viruses in arthropod-vectors of human diseases.
Results and discussion
Using metagenomic deep sequencing of total RNA extracted
from Ae. aegypti collected from Nakhon Nayok Province in central
Thailand, we have sequenced all three segments of a Bunyavirus.
Sequence data was generated on the Illumina GAIIx platform
producing 116,339,125 51 basepair reads. After quality control,
the 105,511,646 remaining reads were de novo assembled into
203,669 contigs using Trinity (Grabherr et al., 2011). A blastn
search to the NCBI Viral RefSeq Database identiﬁed a single contig
of length 6546 that was 98% identical to Phasi Charoen virus
(PhaV) (Yamao et al., 2009) over a 593 basepair region. PhaV was
originally isolated from Ae. aegypti in Thailand in 2009 and this
593 basepair region of the RNA polymerase is the only sequence
data available for it.
Viruses of the family Bunyaviridae (of which PhaV was sug-
gested to belong) each contain three segments (King et al., 2012).
To uncover the two Bunyaviridae segments potentially remaining
within the dataset, we queried the translated contigs using the
program HMMer and the vFam viral domain HMMs. This search
found two additional contigs of length 3870 and 1387 basepairs
that had highly signiﬁcant E-values (less than 1e-20) which hit to
vFam cluster 664 (Bunyaviridae glycoprotein) and vFam cluster
1158 (Bunyaviridae nucleocapsid), respectively. The 6546 basepair
contig identiﬁed above matched vFam cluster 719 (Bunyaviridae
RNA-dependent RNA polymerase). Notably, there were no signiﬁ-
cant hits to any vFam cluster built from the nonstructural S protein
(data not shown), a protein identiﬁed in all other Phleboviruses.
In concordance with established Bunyaviridae nomenclature
these segments will be called the L, M, and S segments. After
manual variant assembly, PRICE-extension, and end-trimming
(described in Materials and Methods) the ﬁnal segments are
composed of 6783, 3852, and 1389 bases, respectively. Each
segment contains a single open reading frame of 2217, 1237, and
268 amino acids in length, respectively. Blastp searches on the
NCBI server (data not shown) identiﬁed these three ORFs as the
Phlebovirus RNA-dependent RNA polymerase (on the L segment),
glycoprotein (on the M segment), and nucleocapsid (on the S
segment). Since all known Phleboviruses contain a fourth ORF
located ambisense to the nucleocapsid on the S segment (Bouloy,
2011), we focused on this segment further. No ORFs from the S
segment longer than 25 amino acids had signiﬁcant hits (E-value
less than 4) in the NCBI non-redundant protein database (data not
shown).
As described above, nearly 600 basepairs of this virus's large
segment are 98% identical to the RNA-polymerase of the recently
isolated Phasi Charoen virus (PhaV). Due to this genetic similarity,
along with the geographic proximity (Phasi Charoen and Nakhon
Nayok are less than 125 km apart), and identical host species
(Phasi Charoenwas also isolated from Ae. aegypti), we propose that
the large segment sequenced here likely represents that of PhaV.
Since reassortments are common in at least one group of Phlebo-
viruses (Palacios Tesh et al., 2011b), it is possible that the M and S
segments generated here are not those of PhaV, but are speciﬁc to
the virus sequenced herein. We shall henceforth refer to this virus
as Phasi Charoen-like virus (PCLV).
This new and nearly complete genomic characterization of PCLV
contributes important insights into the evolution of the Phlebo-
viruses, a generally pathogenic genus of the family Bunyaviridae.
Phylogenetic analysis using two taxa from each for the ﬁve Bunya-
viridae genera and Gouléako virus [a proposed novel Bunyaviridae
genus (Marklewitz et al., 2011)] ﬁnds that PCLV is most closely
related to the genus Phlebovirus (Fig. 1). There is strong support
from all three gene segments that PCLV is basal to all known
Phleboviruses. Its relationship to the recently isolated Gouléako
virus (GOUV) is less clear and they both appear basal to the
Phleboviruses. Because the closest sister genus to Phlebovirus is
uncertain and highly diverged (Fig. 1), we used a method (BEAST)
that will estimate the placement of the root of the Phlebovirus genus
while simultaneously determining the structure of the internal
nodes. Phylogenetic analyses using the polymerase gene ﬁnds
support for PCLV and GOUV being basal to known Phleboviruses,
although their relationship to each other is unclear (Fig. 2A).
A similar pattern emerges with the nucleoprotein gene, but with
less support (Fig. 2C). Most of the nodes in the phylogenetic tree
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based on the glycoprotein gene are of very low support (Fig. 2B).
This analysis ﬁnds that PCLV is more closely related to Uukuniemi
and Murre viruses, but again with low support values (Fig. 2B). In
Toscana virus, the glycoprotein is the fastest evolving gene (Collao
et al., 2009) which may explain why we ﬁnd low support for many
of the nodes in the glycoprotein tree (Fig. 2B). Since ﬁve of our six
phylogenetic analyses agree on the phylogenetic position of PCLV,
with the only exception in a fast-evolving gene with poor phyloge-
netic signal (i.e. low support over many nodes), we propose that
PCLV is basal to the Phlebovirus tree, a phylogenetic position that
informs the evolutionary history of the entire genus. Since PCLV is
found with mosquitoes in nature, this suggests that the ancestral
host of the Phleboviruses might be a mosquito. We note that GOUV
(also basal to the Phlebovirus genus in our analysis) was discovered
in Anopheles, Culex, and Uranotaenia mosquitoes (Junglen et al.,
2009) adding further support for mosquitoes, as opposed to other
arthropods, as the potential ancestral host of the Phleboviruses.
One of the more interesting aspects of the PCLV genome is that
both the analysis of the ORFs on the S segment and the HMM vFam
search fail to detect the non-structural S gene (NSs). Furthermore, in
these Phleboviruses the NSs is located 5' to the nucleoprotein (King
et al., 2012), yet the 50 conserved end of PCLV was recovered with no
such additional gene present (Fig. 3) (see below). This suggests that
incomplete sequencing of the S segment does not account for the
absence of NSs in the PCLV genome. Although it is possible that
the NSs is not linked to the nucleoprotein gene in PCLV (and thus has
formed a novel segment), this is unlikely because all known
Bunyaviridae have three segments (King et al., 2012). Furthermore,
this scenario would also require our sequencing method to com-
pletely miss this new segment, which is likewise unlikely given the
high depth of sequencing (41000  ) for all three segments
(Supplementary dataset 1). To our knowledge, all recognized Phle-
boviruses with a sequenced S segment contain this gene (see for
example Supplementary dataset 4). All of these viruses are known,
or presumed, to have a stage within a vertebrate host. In Rift Valley
fever virus (RVFV), NSs is not needed for replication in cell culture,
but is essential for viral virulence (Bouloy et al., 2001; Vialat et al.,
2000; Ikegami et al., 2006). A naturally occurring strain of RVFV with
a large deletion in NSs is avirulent in both mice and hamsters
(Muller et al., 1995). Most intriguingly, laboratory experiments have
shown that alternating passages between hamster and Ae. aegypti
cells lines are necessary for maintenance of NSs in RVFV, while serial
passages in either hamster or Ae. aegypti cell lines only (i.e. no
alternation) results in large deletions of the NSs gene (Moutailler
et al., 2011). The lack of the NSs ORF in PCLV, along with the fact that
it has yet to be detected in any vertebrate host, is consistent with a
lifecycle that does not include a vertebrate stage. Conﬁrmation of an
arthropod-speciﬁc lifecycle requires in vitro replication experiments
in various insect and vertebrate cell lines. However, we note that
PhaV, the closest known relative of PCLV, does not easily infect
African green monkey cells lines (Yamao et al., 2009). Notably, GOUV
similarly lacks the NSs gene, does not grow in vertebrate cell lines,
and has only been detected in mosquitoes, causing the authors to
reach the conclusion that GOUV has an arthropod-only lifecycle
(Marklewitz et al., 2011; Junglen et al., 2009; Junglen and Drosten,
2013).
Within nearly all Phleboviruses, the 30 and 50 ends of the three
segments contain the conserved sequences ACACAAAG… and …
CTTTGTGT, respectively (Marklewitz et al., 2011). These comple-
mentary regions form a panhandle structure that circularizes the
segment (Bouloy, 2011). For the following assessment, the seg-
ments are oriented such that their respective genes are in the
sense orientation, as is convention in all Bunyaviridae (King et al.,
2012). In the L and M segments, the 30 conserved region is
identiﬁed and the 50 conserved region is identiﬁed in the S
segment (Supplementary dataset 2). Considering the very low
depth of coverage at the ends of the segments, sometimes falling
to a single read (1X) (Supplementary dataset 1), it is not surprising
that sequencing both ends of all the segments was unsuccessful.
However, ﬁnding one of the conserved ends in all three chromo-
somes, along with the fact that the total length of each segment is
similar to that in other Phleboviruses (Supplementary dataset 5),
supports that we have reached near complete sequencing of the
entire PCLV genome.
The total percentage of PCLV reads relative to total reads is
0.39%, with a slightly higher percentage in the rRNA and poly-A
depleted sample (0.43%) compared to the rRNA-only depleted
sample (0.34%) (Table 1). This is comparable to the percentage of
dengue reads in experimentally infected Ae. aegypti samples
prepared using only rRNA depletion (0.12%) (Bishop-Lilly et al.,
2010). If we assume that all 25 individuals in the pooled sample
were infected with PCLV at equal levels, this suggests that PCLV
infection per individual exists at a similar, or even slightly greater,
level as a dengue infection. Alternatively, some individuals may
have an extremely high infection level (compared to that esti-
mated for dengue), while others remain uninfected. In either
scenario, given the average depth of sequencing for segments
L, M, and S is 1216 , 2157 , and 2683 , respectively
(Supplementary dataset 1), many more samples could be com-
bined into a single experiment while still providing adequate
coverage to ﬁnd PCLV (or another virus of similar infection level) in
any individual sample. Indeed, when the dataset is randomly
subsampled to 1 million reads (less than 1% of the full size
of the dataset), it is still possible to detect and identify portions
of all three PCLV segments using the methods described herein
(data not shown). Thus, this epidemiological approach could then
be used to determine the individual infection rate within a
population.
The initial discovery that PCLV was present within these
mosquitoes was facilitated by the previous isolation of PhaV, the
sequencing of a portion of its RNA polymerase, and the inclusion of
this sequence in the NCBI RefSeq Database (Yamao et al., 2009).
However, we have shown here that without any previous
sequence information from either the M or the S segments, they
could be identiﬁed in a dataset of over 200,000 contigs. To test the
feasibility of using the HMM search method used herein to
discover novel viruses, we queried our entire contig dataset to
all 4938 vFam clusters and successfully identiﬁed the PCLV L, M,
and S segments, albeit with some non-speciﬁc Ae. aegypti hits
(data not shown). This search was performed in under an hour
using only modest computing power. Since the vFams are anno-
tated with the viral taxa used to build them, it is possible to easily
search a dataset for relatives of known mosquito-transmitted
viruses, such as the Flaviviruses, the Reoviruses, or, as was done
here, the Bunyaviruses.
Conclusions
“…in spite of demonstrated technical feasibility, there is today
not a single exemplary study applying undirected hypothesis-free
deep sequencing on original ﬁeld samples of arthropods.” (Junglen
and Drosten, 2013)
As the preceding quote exempliﬁes, metagenomic shotgun
sequencing is poised to become a valuable tool for virus discovery,
surveillance, and sequence analysis [see also (Mokili et al., 2012)].
Previous work has shown the feasibility of this in both laboratory
and natural populations of mosquitoes (Hall-Mendelin et al., 2013;
Ng et al., 2011; Ma et al., 2011; Bishop-Lilly et al., 2010). In this
article, we show that Illumina sequencing, contig assembly, and
HMM searches can detect previously unknown viral genomic
segments allowing the recovery of the near-complete genome of
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a virus (PCLV) that is closely related to a recently isolated virus
(PhaV) that has limited genomic characterization. Notably, the
genomic insights gained herein, such as the lack of a gene required
for virulence in PCLV, is congruent with experimental evidence
showing that PhaV does not easily infect vertebrate cell lines
(Yamao et al., 2009). We hope that this work becomes an
exemplary study demonstrating the utility of deep metagenomic
shotgun sequencing for the genomic characterization of mosquito-
(and arthropod-) borne viruses from ﬁeld-caught samples and its
ability to complement traditional laboratory experiments on iso-
lated viruses.
Materials and methods
Sample collection and library preparation
Mosquitoes were collected from Nakhon Nayok Province in
central Thailand in the rainy season of 2008 as part of a larger
study to document spatial and habitat variation in mosquito
communities (Thongsripong et al., 2013). The study area lies
approximately 120 km northeast of Bangkok and included a range
of habitats from undisturbed forest to urban centers. Ae. aegypti
individuals were collected from a rural subsite (141 15.827 N and
1011 05.372 E) using the BG sentinel trap run over a 24-h period,
without additional attractants. 25 individuals from the same trap
were identiﬁed in the ﬁeld, transported to the laboratory and
pooled into a single sample tube. These were homogenized whole
in Trizol-LS with two 2.0 mm pre-chilled stainless steel beads using
a TissueLyzer II (Qiagen), and frozen at 80 1C. Part of the
homogenate was separated from the beads and fractionated to
isolate the RNA fraction. RNAwas treated with DNAse and subjected
to ribosomal subtraction using RiboZero Gold Magnetic Kit
(Human/Mouse/Rat) (Epicenter). To further increase the proportion
of viral genomic RNA in our metagenomes, each sample was then
divided, with one part further treated with poly-A selection to
remove mRNA. The remaining RNA from the rRNA and poly-A
subtracted fraction, and the rRNA subtracted only fraction, were
separately prepared for sequencing using the TruSeq Stranded RNA
Prep kit (Illumina). Libraries were size-selected for smaller inserts
(100) as opposed to the standard (160) size to help capture
smaller ncRNAs. Libraries were run on an Illumina GAII sequencer
for 51 basepair long, single-end reads (Table 1)
Sequence processing, assembly, and PCLV discovery
Sequences were ﬁrst screened for adapter contamination using
a blast search (Altschul et al., 1990) against Illumina adapters and
multiplex adapters. Any hits with an e-value below 1e-5 (equiva-
lent to greater than 17 identical bases) were removed (Table 1).
Next, 30 adapter trimming was performed using the program
Scythe and the –p 0.4 and –n 3 options (Buffalo, https://github.
com/vsbuffalo/scythe). Reads shorter than 35 basepairs after
trimming were removed (Table 1). Finally, 50 and 30 quality
trimming was performed using the program Sickle (Joshi, https://
github.com/najoshi/sickle). Reads containing a single ambiguous
nucleotide and/or shorter than 20 basepairs were removed.
Otherwise, default settings were used (Table 1).
To maximize coverage, sequencing output for the two libraries,
whose origins were the same mosquito specimens, were then
combined for the rest of the analyses presented here. The Trinity
assembler with the Jellyﬁsh kmer option was used for de novo
assembly (Grabherr et al., 2011). A total of 203,669 contigs longer
than 100 basepairs were created. These were queried against the
NCBI RefSeq Viral database (downloaded from NCBI on June 13th,
2013) using blastn. A contig of length 6546 had a signiﬁcant hit (E-
value¼0) to the Phasi Charoen virus (PhaV) (Yamao et al., 2009).
Viruses of the family Bunyaviridae (of which PhaV was sug-
gested to belong) each contain three segments (King et al., 2012).
To uncover the two Bunyaviridae segments potentially remaining
within the dataset, we queried the translated contigs using the
program HMMer (Eddy, hmmer.janelia.org) and the vFam viral
domain HMMs (Skewes-Cox, http://derisilab.ucsf.edu/software/
vFam/). Only vFam clusters with “Bunyaviridae” in their annota-
tions were used. Three contigs of length greater than 1000 base-
pairs had signiﬁcant hits.
The Trinity assembler groups similar, but not identical, contigs
as potential splice variants (as Trinity was originally designed for
RNA-Seq data). Using the alignment viewer SeaView (Gouy et al.,
2010), each set of variants for the two largest contigs was aligned
and concatenated (no splice variants were found for the smallest
contig). A single SNP was present in both and was represented by
an N in the subsequent Bowtie search below.
To determine if the entire length of each segment was included
in the Trinity contigs, the assembler PRICE was used to ﬁnd
additional reads at the ends of each segment (Ruby et al., 2013).
Using the false paired-end option on the quality-checked reads
(-spf 35 51) and the Trinity assembled contigs as seeds (-icf 1 1 5),
the smallest contig was extended by nine basepairs.
Bowtie was used to align the combined quality-checked read
libraries (i.e. both rRNA subtracted and the rRNA/poly-A sub-
tracted libraries) to the Trinity-assembled and PRICE-extended
contigs using default settings (Langmead et al., 2009) (Table 1).
The efﬁcacy of the two library preparation methods on virus
discovery was determined by aligning the individual quality-
checked read libraries to the same contigs (Table 1). Depth
of coverage was determined with the Samtools depth function
(Li et al., 2009) (Supplementary dataset 1).
To determine the most probable nucleotide at the two SNPs
in the long and medium length contigs described above, the
Table 1
Summary of read number and PCLV proportion in the combined and individual libraries.
Combined data rRNA subtracted only rRNA and poly-A subtracted
Total reads 116,339,125 63,532,557 52,806,568
Reads remaining after adapter removal 115,582,290 62,971,757 52,610,533
Reads remaining after adapter trimming 109,116,295 59,473,606 49,642,689
Reads remaining after quality trimming 105,511,646 58,306,799 47,204,847
Total PCLV reads 407,370 204,839 202,531
Total PCLV proportion 0.0039 0.0034 0.0043
L segment reads 165,052 82,730 82,322
L segment proportion 0.0016 0.0014 0.0017
M segment reads 167,212 84,527 82,685
M segment proportion 0.0016 0.0014 0.0018
S segment reads 75,106 37,582 37,524
S segment proportion 0.0007 0.0006 0.0008
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Bowtie-generated alignment was visualized using the Integrated
Genomics Viewer (Robinson et al., 2011). In both cases, the most
common nucleotide was present at a frequency above 90% and was
considered the correct nucleotide in the ﬁnal sequence. In both
cases, the SNP did not affect the encoded amino acid (data not
shown).
All Bunyaviridae contain three segments of approximately
seven, four, and 2000 bases each (King et al., 2012). Given that
the contigs found in this dataset are approximately this size, and
combined with the phylogenetic and NCBI searches described
below, these three contigs shall henceforth be referred to as the
L, M, and S segments in keeping with accepted Bunyaviridae
notation. In several cases, a conserved terminal region was
identiﬁed at the 50 or 30 ends of the segments (see Results and
discussion) and the distal terminal bases were trimmed off. The
Trinity-assembled, PRICE-extended, Bowtie-checked, and end-
trimmed sequences are available on NCBI's GenBank (accession
numbers KM001085-KM001087) and in Supplementary data-
set 2.
A single open reading frame (ORF) greater than 250 amino
acids in length was found on each of the three segments
(Supplementary dataset 3). Blastp searches on the NCBI server
(data not shown) and the phylogenetic analysis described below
identify these three ORFs as the Phlebovirus RNA-dependent RNA
polymerase (on the L segment), glycoprotein (on the M segment),
and nucleocapsid (on the S segment). Because the closest hits in
the NCBI database were at most 40% similar to our ORFs (data not
shown), we chose to conduct our phylogenetic analysis at the
amino acid level since DNA alignments would likely be prohibi-
tively diverged for reliable alignment.
To assess the evolutionary relationships between our ORFs and
rest of the Bunyaviridae we used a phylogenetic framework that
incorporated two taxa each from the Bunyaviridae genera Ortho-
bunyavirus, Nairovirus, Hantavirus, Tospovirus, and Phlebovirus
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Fig. 1. Phylogenetic history of representatives of all genera in the Bunyaviridae including Phasi Charoen-like virus. These consensus phylogenies were generated in MrBayes
(Ronquist and Huelsenbeck, 2003) based on two independent chains run for one million generations to convergence. Posterior node probabilities are shown at nodes. Branch
lengths are scaled to substitutions/site. (a) RNA-dependent RNA polymerase (L segment) (b) Glycoprotein (M segment) (c) Nucleocapsid (S segment).
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(Supplementary dataset 4). Gouléako virus (GOUV), the sole
member of a proposed novel Bunyaviridae genus, was also
included (Marklewitz et al., 2011). MAFFT v7.058 and the E-INS-i
algorithm were used for alignment (Katoh and Standley, 2013). All
alignments are available on ﬁgshare at http://dx.doi.org/10.6084/
m9.ﬁgshare.1053200. This alignment algorithm is suitable for
sequences that contain multiple conserved regions embedded in
long unalignable regions (http://mafft.cbrc.jp/alignment/software/
algorithms/algorithms.html). Bayesian analysis was performed
using MrBayes v3.1.2 (Ronquist & Huelsenbeck, 2003). The sub-
stitution model was determined by allowing MrBayes to sample
across the ﬁxed amino acid rate matrices. For each of the three
ORFs, two independent chains were run for 1,000,000 generations
resulting in an average standard deviation of split frequencies
below 0.005. Tracer v1.5.0 was used to conﬁrm the stationarity of
log likelihoods (Rambaut et al., 2013), and the ﬁrst 25% of the
10,000 total trees were discarded as burnin. Results were visua-
lized using FigTree v1.4.0 (Rambaut, http://tree.bio.ed.ac.uk/soft
ware/ﬁgtree/),(Fig. 1). All trees are available on ﬁgshare at http://
dx.doi.org/10.6084/m9.ﬁgshare.1053200.
The three Bunyaviridae alignments contain divergent regions
without homologs in all taxa, encoded with gaps to represent
missing data. To conﬁrm these gap sections do not signiﬁcantly
affect reconstruction, we redid the phylogenetic analysis using
only sites that contain data from at least 50% of the taxa (six out of
12 taxa). This number was chosen because two taxa each from the
ﬁve Bunyaviridae genera were used in the analysis (along with our
Phasi Charoen-like virus and Gouleako virus, which is a novel
candidate genus) and therefore any sites remaining should contain
data from at least three genera. This signiﬁcantly shortened the
length of the alignments [the polymerase alignments was shor-
tened from 4709 sites to 2559 sites; the glycoprotein from 2400 to
1202; and the nucleoprotein from 725 to 269 (data not shown)].
Phylogenetic reconstruction using MrBayes on these shortened
alignments found the exact same topology as presented in Fig. 1
with the only differences being slight changes (allo0.03) in the
posterior probabilities (data not shown).
Because all three segments were more closely related to
Phleboviruses than to any other member of Bunyaviridae, a second
phylogenetic analysis was performed focusing on Phleboviruses.
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Fig. 2. Phylogenetic history of representatives of the major lineages of the Phlebovirus genus within the family Bunyaviridae including Phasi Charoen-like virus. These
consensus phylogenies were generated in BEAST (Drummond et al., 2012) based on two independent chains run for 10 million generations. Posterior node probabilities are
shown at nodes. Scale bar indicates substitutions/site. (a) RNA-dependent RNA polymerase (L segment) (b) Glycoprotein (M segment) (c) Nucleocapsid (S segment).
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Since the divergence between Bunyaviridae genera is substantial,
it was unclear on which taxa to root the Phlebovirus tree. BEAST
v1.7.5 was therefore used to identify the most probable root along
with the other nodes in the tree (Drummond et al., 2012). The
Phlebovirus taxa used for phylogenetic comparison were chosen
for even representation across the Phlebovirus lineage and
included one taxa each from the Uukuniemi (Palacios et al.,
2013), Aguacate (Palacios da Rosa et al., 2011a), and Candiru
(Palacios Tesh et al., 2011b) complexes, among others
(Supplementary dataset 4). GOUV, the proposed new genus in
the family, was also included (Marklewitz et al., 2011). Only taxa
with available complete polymerase, glycoprotein, and nucleopro-
tein sequence data were used. Alignment with MAFFT v7.058 was
performed as above. Analyses did not include virus dates of
isolation, which can be used to estimate evolutionary rates in
some circumstances but fails when the span of sampling times is
shallow relative to the evolutionary history of the group (Firth
et al., 2010). For each phylogenetic analysis, two independent runs
of 10 million generations were performed using the BLOSUM62
substitution matrix (Eddy, 2004) and a Yule speciation model
(Yule, 1925; Gernhard, 2008). Tracer v1.5.0 was used to conﬁrm
the stationarity of log likelihoods (Rambaut et al., 2013), and the
ﬁrst 25% of the 10,000 total trees were discarded as burnin. Results
were visualized using FigTree v1.4.0 (Rambaut, http://tree.bio.ed.
ac.uk/software/ﬁgtree/) (Fig. 2).
The length of each segment of PCLV recovered (Supplementary
dataset 5) was compared to other Phleboviruses (Supplementary
dataset 4).
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